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Physiol. 256 (Renal Fluid Electrolyte
Physiol. 25): F387-F396, 1989.-This investigation was carried out to determine the effect of potassium on the amplification of the basolateral membrane of principal cells in cortical collecting ducts (CCDs), which normally occurs after a large reduction of renal mass. Rats that underwent a 75% reduction of renal mass and were fed a diet deficient in potassium for 10 days after surgery had a lower concentration of potassium in the blood and excreted less potassium in the urine than either corresponding shamoperated (SO) rats or 75% nephrectomized (NPX) rats fed a normal-potassium diet. In the NPX rats fed the diet deficient in potassium, there was a marked inhibitory effect on the amplification of the basolateral membrane, which normally occurs in principal cells of CCDs after renal mass has been greatly reduced. In fact the surface density of the basolateral membrane, as well as the size of the principal cells in the animals fed the diet deficient in potassium were the same as those of principal cells in the SO rats fed the normal-potassium diet. Thus the present data show that the increase in cell size and the amplification of the basolateral membrane that occurs in principal cells after a 75% reduction of renal mass is inhibited by factors associated with potassium depletion. membrane surface density; basolateral membrane; cell area; potassium metabolism; rats IT IS WELL ESTABLISHED that the surface density of the basolateral membrane of the principal cell in the cortical collecting duct (CCD) changes in response to the level of mineralocorticoids and potassium in the extracellular compartment (28, 30, 31, 36) . This adaptation in the basolateral membrane appears to be associated with a chronic change in the transepithelial movement of potassium (25, 29, 30) .
A recent study also showed that in association with the increased fractional excretion of potassium that accompanies a 75% reduction of renal mass, there is a concomitant increase in the surface density of the basolateral membrane of principal cells in the CCD (38). In one respect, this finding is consistent with evidence showing a relationship between the transepithelial movement of potassium (secretion) in the CCD and the change in the surface density of the basolateral membrane in principal cells (30) . However, one could argue that the changes seen in the morphology of the principal cell that occur after a 75% reduction of renal mass, namely the increase in the area of the cell and the increase in the surface density of the basolateral membrane (38), may be due in part to the actions of the putative renotropic factor(s), rather than being due solely to the actions of regulatory factors governing potassium homeostasis. This argument can be made because there is a large body of evidence indicating that there is/are humoral factor(s) [known as renotropic factor(s)] that stimulate(s) compensatory renal growth (which includes compensatory renal cellular hypertrophy) following a reduction of renal mass (3, 21, 27) . One way of dissecting this problem is by examining the effect of restricting the intake of dietary potassium on the surface density of the basolateral membrane of principal cells in CCDs of animals that have undergone a marked reduction of renal mass. If the amplification of the basolateral membrane that occurs (in principal cells) after a large reduction of renal mass should be inhibited by the restriction of dietary potassium, then there would be evidence indicating that the change in the surface density of the basolateral membra& of principal cells under conditions of reduced renal mass is regulated primarily by factors associated with potassium homeostasis, and not by the putative renotropic factor(s). Therefore, the aim of this study is to test the aforementioned hypothesis.
MATERIALS AND METHODS
Animals and surgical procedures. Male Sprague-Dawley rats weighing 250-275 g were used. After a period of acclimation, the rats were divided into two groups. One of the groups (n = 15) underwent a 75% reduction of renal mass; the second group (n = 6) underwent a sham operation. The operative procedures were as follows. First, all the animals were anesthetized with pentobarbital sodium (50 mg/lOO g body wt ip). Second, the abdomen of each animal was opened by a flank incision extending from just under the approximate origin of the left 12th rib to the midline. After the abdomen was opened, the right and left kidneys were exposed by blunt dissection. In the groups of rats allocated for 75% nephrectomy, the right kidney was excised and the dorsal branch of the left renal artery was ligated with 4-O silk suture under a dissecting microscope. Care was taken to avoid contact with the adrenal glands and the blood vessels supplying the glands. In both the 75% nephrectomized (NPX) and sham-operated (SO) rats the abdominal musculature was sewn together using 4-O silk suture and the skin was brought together using 9 mm, sterile, stainless steel wound clips. Diets and animaZ care. After surgery, the NPX and SO rats were further subdivided into groups according to the type of diet they were to be given. Six of the NPX rats were placed on a casein-based, semipurified diet deficient in potassium (0.011% potassium; diet no. 39-304 Zeigler Bros., Gardners, PA). The animals that received this diet will be referred to as low-K NPX rats. The remaining nine NPX rats and the six SO rats were given the same basic semipurified diet, with the exception that 1.0% KC1 was added to the diet, creating a diet that contained 0.493% potassium. The NPX and SO rats that received this diet will be referred to as normal-K NPX rats and normal-K SO rats, respectively. The exact content of potassium in each of the diets was determined by Lancaster Laboratories (Lancaster, PA). The normal-K NPX rats and the normal-K SO rats were pair-fed with respect to the low-K NPX rats for the first several days of the feeding trial. The animals were fed their respective diets for 10 days, during which time free access to water was provided. For the first 9 days of the feeding trial, the animals were housed individually in stainless steel cages. During the 10th day, the animals were housed in plastic metabolic cages.
Balance studies. During the last 24 h of the IO-day period allowed for compensatory renal growth and adaptation to the diets, urine was collected from each animal. The volume of urine collected from each animal was measured gravimetrically.
At the end of the 24-h collecting period, all the rats were anesthetized with pentobarbital sodium (50 mg/kg body wt ip). Within 30 s after anesthesia was induced, a sample of blood (1.5 ml) was taken from the inferior vena cava of each animal. The samples of blood were spun down to separate the plasma from the blood.
The concentration of sodium and potassium in the samples of plasma and urine were determined by use of an Orion model 1020 Na+/K+ Analyzer (Orion Research, Cambridge, MA). .mals The average weight of the rats, in the low-K NPX group was 261 t 10 g (mean t SE), in the normal-K NPX group 299 t 12 g, and in the normal-K SO group 301 t 17 g.
Structural studies. Four animals from each of the three grOUPS were chosen ra studies . Immediately .ndomly and used in the strut tural after the samples of blood were obtained from the animals, the descending abdominal aorta and left renal vein were exposed by gentle dissection. The abdominal aorta was cannulated with polyethylene tubing, having an inner diameter of 1.19 mm and an outer diameter of 1.70 mm ; Clay Adams), in a retrograde manner to allow for the in vivo perfusion of the left kidney. The opposite end of the tubing was attached via several devices to a standard perfusion apparatus (11). Once the tubing was securely fastened, the left renal vein was cut and the aorta was ligated proximal to the left renal artery. Concomitantly, a warmed (37°C) buffered solution (-290 mosmol/l) containing 4.3 g/l sodium dihydrogen phosphate (NaHzPOJ, 14.8 g/l disodium monohydrogen phosphate (NagHP04) and 1,000 IU sodium heparin/l was started to be perfused through the left kidney under -120 mmHg pressure. After the kidney was thoroughly cleared of blood, ~60 ml of a warmed (37°C) fixative (500 mosmol/l) made up of the same buffer solution used to wash out blood plus 2% glutaraldehyde
(1) was perfused through the left kidney under the same pressure as the buffered solution was perfused. Once the perfusion was completed, the left kidney was excised and l-mm3 blocks of tissue were obtained from the subcapsular cortex. The blocks of tissue were further fixed for 3 h in the same fixative and then they were washed in three 5-min changes of a 0.1 M s-collidine buffer containing 5.45% sucrose. Subsequently the tissues were postfixed with 1.33% osmium tetroxide in 0.1 M s-collidine buffer, and then washed thoroughly again with the 0.1 M s-collidine buffer. After the tissues had been washed, they were stained en bloc in 6% aqueous uranyl acetate and then dehydrated in a graded series of ethanols, washed in propylene oxide and finally embedded in EM bed-812 (Electron Microscopy Sciences, Fort Washington, PA).
Thick and thin sectioning was carried out using a diamond knife and an A0 Ultracut ultramicrotome (AO/ Reichert, Buffalo, NY). Thin sections (60-80 nm) were mounted on copper grids and were stained with 6% aqueous uranyl acetate and 0.3% lead citrate. All electron microscopic examination of the sections was carried out using a Phillips 400 transmission electron microscope. It should be emphasized that all the blocks of tissue were coded before sectioning and electron microscopy in order to eliminate any possible bias during the ultrastructural and stereological analysis. Both principal cells and intercalated cells of CCDs were examined and photographed in this study. The selection of cells for examination was done in a random manner. Cells that were sectioned transversely with respect to the basal lamina and that contained two visible and opposing zonulae occludentes were examined qualitatively under the electron microscope at ~3,300. Subsequently the cells were examined divided by the printed magnification (x10,000), which in this case is equal to 1.0 pm. In addition to determining the Sv of the luminal and basolateral membranes for each cell, the boundary length for each of the two membranes was determined using the equation B = 1i x d. The final parameter measured in both the principal and intercalated cells was cellular area, which was calculated using the equation A = d2 X PT. The counts for each parameter measured in the E-17 cells/animal were averaged to yield means that were used to estimate each particular parameter in the three groups of animals.
Statistical analysis. All values presented in this study are expressed as means t SE. Statistical differences between the means for the three groups of animals for each parameter measured were determined by using the one-way analysis of variance followed by Dunn's multiple comparison procedure (14), which is an a priori test used for planned comparisons. Values for P c 0.05 were regarded as being statistically significant. RESULTS 'Functional analysis. Ten days after renal mass had been reduced by 75%, GFR (as estimated by creatinine clearance) in the low-K NPX rats was 0.29 t 0.02 ml. min-'. 100 g-l and in the normal-K NPX rats was 0.27 t 0.04 ml. min. 100 g-l. Both these values are significantly lower than the GFR in the normal-K SO rats, which was 0.62 t 0.09 ml. min-' . 100 g-l. All relevant data pertaining to the functional studies are summarized in Table 1 . Although GFR was significantly lower in the NPX rats, the concentration of creatinine in plasma was significantly elevated in these animals, about twice that in the SO rats.
The concentration of sodium in plasma was unaffected by 75% nephrectomy and/or a diet deficient in potassium. By contrast, the combination of 75% nephrectomy and a low-potassium diet did have a significant effect on the concentration of potassium in plasma. The mean value found in the low-K NPX rats (2.48 t 0.24 meq/l) was significantly lower than that found in the normal-K NPX rats (3.64 t 0.14 meq/l) and in the normal-K SO rats (3.29 t 0.13 meq/l). There was, however, no significant difference in the concentration of potassium in plasma between the normal-K NPX rats and the normal-K SO rats, indicating that 75% nephrectomy alone did not have an effect on the concentration of potassium in plasma.
As with the concentration of sodium in the plasma, the absolute excretion of sodium (&+V) was unaffected by 75% nephrectomy and/or a diet deficient in potassium. However, 75% nephrectomy did have an effect on the FEN,+. In contrast to the absolute excretion of sodium, significant differences in the absolute excretion of potassium (Uk+V) were found after 75% nephrectomy and a lo-day feeding trial with a diet deficient in potassium. The absolute excretion of potassium in the low-K NPX rats was 0.07 t 0.01 meq*24 h-l. 100 g-l, which was significantly lower than that of 0.96 t 0.13 meq*24 h-l. 100 g-l for the normal-K NPX rats and that of 0.81 + 0.07 meq.24 h-l JO0 g-l for the normal-K SO rats.
The absolute excretion of potassium between the normal-K NPX rats and the normal-K SO rats was not significantly different. However, the FEk+ in the normal-K NPX rats (67.36 t 1.82%) was significantly greater than that in the normal-K SO rats (29.54 & 3.66%), which was significantly greater than that in the low-K NPX rats (7.48 t 1.55%).
Structural analysis. At the gross, macroscopic level, the remnant kidneys in the normal-K NPX rats and in the low-K NPX rats appeared to be considerably greater in size (by about 20-30%) than either of the two kidneys in the normal-K SO rats, indicating that compensatory renal growth occurred in both groups of NPX rats. The specific zones or sites in the remnant kidney that were affected by compensatory growth were not determined in this study.
Marked changes in the morphology of principal cells in CCDs were observed following 75% nephrectomy. From a qualitative standpoint, the size of the principal rat fed a low-potassium diet, and C, an NPX rat fed a normal-potassium diet for 10 days after surgery.
Note that the principal cell from the NPX rat fed the low-potassium diet has morphological characteristics similar to those of the principal cell from the SO rat fed the low-potassium diet. By contrast, the principal cell from the NPX rat fed the normal-potassium diet appears hypertrophied with respect to the other two principal cells. Both the size of the cell and the extensiveness of the infoldings of the basolateral membrane appear to be greater than in the other 2 cells. All 3 micrographs are at same magnification (x10,000).
cells and the length of the basolateral membrane of the sectional area of the principal cells in the normal-K principal cells in the remnant kidneys of the normal-K NPX rats was 51.3 -t-3.1 pm2. This area is significantly NPX rats appeared to be much greater than the same greater than the cross-sectional area of 37.4 + 1.5 pm2 parameters of principal cells in the kidneys of the norfor the principal cells in the normal-K SO rats (Fig. 2  ma&K SO rats (Fig. 1 and Table 2 ). These observations and 
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normal-K NPX rats were 196.2 f 15.4 pm and 4.87 + tomy, this indicates that the increase in the size of the 0.19 pm2/pm3, respectively. These values are signifibasolateral membrane was disproportionate to the incantly greater than the corresponding boundary length crease in the size of the cell. Although it was not apparent of 90.9 f 2.0 pm and Sv of 3.11 + 0.05 pm2/prn3 for the on a qualitative level, the boundary length of the luminal basolateral membrane of principal cells in the normal-K membrane of the principal cells in the normal-K NPX SO rats (Figs. 3 and 4 and Table 2 ). Because the Sv of rats (21.7 +-1.4 pm) was significantly greater than that the basolateral membrane increased after 75% nephrecin the normal-K SO rats (15.3 & 1.1 pm; Fig. 5 
2). Despite the increase in the boundary length of the pm3. Consequently, the same differences in the structure luminal membrane, no significant difference in the Sv of of the principal cells that were found between the northe luminal membrane was found between the normalmal-K NPX rats and normal-K SO rats were found K NPX rats and the normal-K SO rats (Fig. 6 and Table between the normal-K NPX rats and the low-K NPX 2). This finding indicates that the increase in the boundrats (Figs. l-4,6 and Table 2 ). There was one exception, ary length of the luminal membrane that occurred after however, in that no significant difference in the boundary 75% nephrectomy was proportional to the increase in length of the luminal membrane was found between the the size of the cell.
low-K NPX rats and the normal-K NPX rats. It was quite interesting that on both a qualitative and quantitative level, the structural characteristics of principal cells in the CCDs of the remnant kidneys from the low-K NPX rats were similar to those of the kidneys from the normal-K SO rats (Figs. 1-4 , 6, and Table 2 ). For the principal cells in the low-K NPX rats, crosssectional area was 35.7 f 2.7 pm', the boundary length of the basolateral membrane was 70.6 + 2.8 pm and the Sv of the basolateral membrane was 2.56 + 0.21 pm2/ No significant differences in the structural parameters evaluated in the intercalated cells of renal CCDs were detected between the three groups of animals studied in the present investigation (Table 3 Values are means _+ SE; )2 = 4 rats. Normal-K SO, sham-operated rats fed normal-K+ diet for 10 days; normal-K NPX, 75% nephrectomized rats fed a normal-K+ diet for 10 days; low-K NPX, 75% nephrectomized rats fed a low-K+ diet for 10 days. * Not significantly different (P > 0.05) from the mean for the normal-K SO rats; t not significantly different (P > 0.05) from the mean for the normal-K NPX rats.
observed following a 75% reduction of renal mass (16, 38) . In the normal-K NPX rats both the concentration of sodium and potassium in the plasma were normal after 75% nephrectomy. Sodium and potassium balance was presumably maintained by the enhanced fractional excretion of both sodium and potassium that was detected in these animals. These findings in the normal-K NPX rats are consistent with previously reported findings in rats treated in a similar manner (16, 38) . The increased fractional excretion of potassium in the normal-K NPX rats was probably due to increased secretion of potassium by the CCDs, since it has been clearly demonstrated that the secretion of potassium in this segment of the nephron is significantly enhanced following nephrectomy (2, 9, 16). It is also possible that the increased fractional excretion of potassium may be due in part to decreased reabsorption of potassium in other segments of the nephron.
In association with the enhanced fractional excretion of potassium in the normal-K NPX rats, there was an increase in the Sv of the basolateral membrane in the principal cells of CCDs in the kidneys of these animals. The association between the excretion of potassium and the Sv of the basolateral membrane of principal cells in the CCDs has been previously established (30, 38) . To date, there is a strong body of both morphological and physiological evidence supporting the secretory role of the principal cell in the regulation of renal potassium excretion (15, 24, 30, 31, 36, 38) . Another strong body of evidence supports the ongoing hypothesis that the secretion of potassium by the principal cell is regulated by the insertion of membrane containing sodium-potassium pumps into the basolateral membrane (7, 8, 10, 17, 23) . This insertion is the most logical explanation for the amplification of the basolateral membrane that is seen after a large reduction of renal mass, or for that matter, after any condition that demands the principal cell to increase the secretion of potassium.
Not only was there an amplification of the basolateral membrane of principal cells after 75% nephrectomy, but there was also a significant increase in the size of the principal cells. Cellular hypertrophy along with an amplification of the basolateral membrane has also been observed in principal cells of CCDs in normal rats fed a high-potassium diet (30). This increase in the size of principal cells in rats fed a high-potassium diet appears to be related to the actions of elevated levels of plasma aldosterone. Evidence for this comes from a study (13) in which it was shown that, when plasma aldosterone is held at physiological levels, a high-potassium diet does not induce an increase in the size of principal cells in CCDs. Moreover, this same study showed that hyperaldosteronism does cause an increase in the size of principal cells in CCDs. However, since a significant and sustained increased in plasma aldosterone has not been consistently found following large reductions of renal mass (12), it is not possible, at this time, to establish a causal relationship between plasma aldosterone and cellular hypertrophy that occurs in principal cells of CCDs after 75% nephrectomy. Moreover, it is not possible to In support of this possibility are findings showing that the Sv of the basolateral membrane of principal cells in CCDs can increase independent of the effects of aldosterone (13).
It is known that the remnant kidney undergoes compensatory renal growth after a reduction of renal mass (3), and that this growth is presumably due to the putative renotropic factor(s). Accepting this as fact, one then cannot exclude the possibility that some of the hypertrophic changes that are seen in the principal cell after renal mass is reduced are due to the effects of the putative renotropic factor(s). In an attempt to dissect the possible contributory role of renotropic factor(s) from the effects of altered potassium homeostasis on the amplification of the basolateral membrane of principal cells, NPX rats were examined after they were fed a diet deficient in potassium. Rats that underwent 75% nephrectomy and were fed a diet deficient in potassium for 10 days had lowered concentrations of potassium in the blood and excreted less potassium in the urine than sham-operated control rats. These findings are consistent with potassium depletion. The restriction of potassium from the diet also caused an inhibition of the amplification of the basolateral membrane and the increase in size of principal cells of CCDs that normally occurs following a 75% reduction of renal mass. This finding tends to indicate that the renotropic factor(s) is/are not primarily responsible for the morphological changes that are observed in principal cells after 75% nephrectomy.
Instead, it appears that some factors associated with renal potassium homeostasis control or regulate the hypertrophic changes that occur in principal cells of CCDs. An alternate possibility is that some factors associated with potassium depletion have an inhibitory effect on the synthesis or actions of the renotropic factor(s). This possibility does not appear to be a likely one, since evidence of compensatory renal growth was evident in the low-K NPX rats at the macroscopic level, which seems to indicate the presence of functional renotropic factors. Moreover, recent findings (26) show that potassium depletion enhances, rather than inhibits, compensatory renal growth in the nephrectomized rat. With regard to the restriction of dietary potassium, in normal rats it appears to have no effect on the Sv of the basolateral membrane of principal cells in CCDs (30). Potassium depletion does, however, cause the level of plasma aldosterone to decrease (18, 32, 33) . These findings indicate that there may be no relationship between plasma aldosterone and the structure of the basolateral membrane of principal cells in CCDs of normal rats during potassium depletion. By contrast, potassium depletion appears to inhibit the amplification of the basolateral membrane of principal cells in CCDs that occurs in association with a 75% reduction of renal mass. Assuming that the secretion of aldosterone is reduced in NPX rats fed a diet deficient in potassium, it is possible that the reduced levels of aldosterone in the blood prevents the amplification of the basolateral membrane of principal cells in CCDs of the NPX rats from occurring. However, as implied earlier, until further experimentation is carried out, it is not possible to define or characterize the exact roles of aldosterone in potassium homeostasis following a 75% reduction of renal mass.
In closing the discussion about principal cells, it should be pointed out that a couple of morphometric data of principal cells of CCDs in control animals of the present study are somewhat different from those found in normal and control animals of other studies. The two parameters that differ are cellular area and the boundary length of the basolateral membrane. In the present study the average area of a principal cell in a CCD of a control rat was -37 pm2, which is below the range of mean values (about 46-70 pm") reported in other studies (5, 30, 31, 38) . The average boundary length of the basolateral membrane of a principal cell in a CCD of a control rat in this study was -91 pm, which is also below the range of mean values (about 106-162 pm) reported in other studies (5, 30, 31, 38) . The reason for these differences is not known at present. These differences do not, however, take away from the significance of the findings in this study. In support of this position is the fact that the same changes in the morphology of principal cells seen following 75% nephrectomy in a previous study (38) were observed in the present study, thus validating the current findings.
Drawing attention to the intercalated cells in the CCDs, no changes were observed in any of the cellular parameters measured in this cell type in the NPX rats given the normal-potassium diet. This finding is in contrast to the findings of a recent study (38), which demonstrated that the Sv of the luminal membrane of intercalated cells in CCDs increased following 75% nephrectomy. At present there are no conclusive findings that can fully explain the disparity in results between these two studies.
An interesting point, however, is that the intercalated cells in the control animals of the present study differed morphologically in a couple of ways from the intercalated cells of control animals examined in the study mentioned above (38) as well as other previous studies (5, 6, 31, 35) . One difference is that the intercalated cells of control animals in the present study had a smaller cross-sectional area (34 pm2) than that (53-73 pm2) in previous studies (5, 6, 31, 35, 38) . Another difference is that the Sv of the luminal membrane of the intercalated cells in control animals in the present study (0.65 pm2/pm3) was smaller than that (0.29-0.48 pm2/pm3) in previous studies (5, 6, 31, 35, 38) . The reason for these differences is unclear, and the relative significance of these differences to the findings of this study is not known.
It is known that the Sv of the luminal membrane of intercalated cells in CCDs increases in response to metabolic acidosis (6). In fact, the Sv of the luminal membrane of cortical intercalated cells has been shown to increase to 1.09 pm2/pm3 during metabolic acidosis (6), which is considerably greater than that found in the intercalated cells of any of the animals in the present study. Moreover, there is an overwhelming body of evidence implicating the intercalated cells in both the CCD as well as the medullary collecting duct in the secretion of hydrogen ions (6, 19, 20, 35, 36) . Because metabolic acidosis can occur following a large reduction of renal mass (3, 4), it seems possible that the occurrence of an amplification of the luminal membrane of intercalated cells after 75% nephrectomy may be dependent on whether or not there is an increased need to secrete hydrogen ions in order to attempt to maintain normal acid-base balance.
The absence of any morphological changes in intercalated cells of CCDs was also the case in the NPX rats fed the diet deficient in potassium. This finding is consistent with those of two previous studies (29, 33) , which show that intercalated cells are structurally unaffected by potassium depletion. The findings from this study and the two previous studies on potassium depletion (29, 33) are very interesting, since they show an absence of change in the luminal membrane of intercalated cells in CCDs despite the presumed presence of metabolic alkalosis, which is known to occur in severely potassiumdepleted rats (31,32). These findings are in conflict with the findings of a recent study (6), which show that metabolic alkalosis causes the Sv of the luminal membrane of intercalated cells in CCDs to decrease. At present, there is n .o clear explanation to account for this conflict in results. Further study is needed to gain . insight into the role of the intercalated cell in acid-base homeostasis during severe potassium depletion as well as during normal control conditions. It has been thought that all segments of the nephron undergo hypertrophic changes following a large reduction of renal mass (3). Although hyperplastic changes may occu .r throughout the nephron recent findi ngs in .dicate that cellular hypertrophy does not occur in every nephron segment or cell type. It has been shown that there is no cellular hypertrophy in the distal convoluted tubule following 75% nephrectomy (38) . Moreover, in the present study as well as in a previous study (38) , it was shown that the intercalated cell does not undergo an increase in cell size after 75% nephrectomy. Therefore it appears that cellular hypertrophy in the nephron, which is associated with a reduction of renal mass occurs only in specific cell types.
